In the course of mammalian spermiogenesis, a unique chromatin remodeling process takes place within elongating and condensing spermatid nuclei. The histone-to-protamine exchange results in efficient packaging and increased stability of the paternal genome. Although not fully understood, this change in chromatin architecture must require a global but transient appearance of endogenous DNA strand breaks because most of the DNA supercoiling is eliminated in the mature sperm. To establish the extent of DNA strand breakage and the stage specificity at which these breaks are created and repaired, we performed a sensitive terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick-end labeling (TUNEL) assay to detect in situ DNA strand breaks on both mice and human testis cross sections. In the mouse, we established that DNA strand breaks are indeed detected in the whole population of elongating spermatids between stages IX and XI of the seminiferous epithelium cycle perfectly coincident with the chromatin remodeling as revealed by histone H4 hyperacetylation. Similarly, TUNEL analyses performed on human testis sections revealed an elevated and global increase in the levels of DNA strand breaks present in nuclei of round-shaped spermatids also coincident with chromatin remodeling. The demonstration of the global character of the transient DNA strand breaks in mammalian spermiogenesis suggests that deleterious consequences on genetic integrity of the male gamete may arise from any disturbance in the process. In addition, this investigation may shed some light on the origin of the low success rate that has been encountered so far with intracytoplasmic injection procedures making use of round spermatids in humans.
INTRODUCTION
Mammalian spermiogenesis involves important changes in cytoarchitecture and a dramatic remodeling of the somatic chromatin with the elimination of most of the nucleosomal DNA supercoiling [1, 2] . The modification in chromatin structure occurring in elongating spermatids emerges as an important contribution to the nuclear integrity and acquisition of the full fertilizing potential of the male gam- ete. In mouse models, deficiency in the expression of the major spermatidal nuclear proteins such as the transition proteins (TPs) or protamines resulted in alteration of sperm chromatin condensation with reduction of fertility [3] [4] [5] . Not surprisingly, the predictive value of sperm chromatin integrity for pregnancy outcome has been demonstrated and emerges as a new sperm parameter in the clinical setting [6, 7] .
In addition to the nuclear protein exchange, the chromatin remodeling process involves the elimination of the free DNA supercoils created by the nucleosome withdrawal [2, 8] . This dramatic modification in DNA topology must require DNA strand breaks to provide the necessary swivel effect to relieve torsional stress. Consistent with this hypothesis, DNA strand breaks have been previously observed at midspermiogenesis steps in both rat [9, 10] and mouse using in situ nick translation [11] or the terminal deoxynucleotidyl transferase (TdT)-mediated deoxyuridine triphosphate-biotin nick-end labeling (TUNEL) [12] . In these cases, however, it was not clear whether this was a general process, as only a fraction of the whole population of elongating spermatids was shown to be labeled. To sustain a global change in DNA topology, one would expect that close to 100% of the spermatids must undergo strand breakage. In one unique report, evidence was presented that the vast majority of elongated spermatids near the seminiferous tubule lumen where labeled by the TUNEL assay [13] . Labeling occurred in 20-40% of the tubules, suggesting the stage-specific appearance of the strand breaks. Clearly, a more careful assessment of the extent and stagespecificity of the transient DNA strand breaks in elongating spermatids is required as an essential first step to further characterize what may prove to be a sensitive process for the DNA integrity of the male gamete.
Given the similarity in spermatidal chromatin remodeling among mammals [14, 15] , it is likely that the human spermatids undergo such a transient DNA strand breakage and repair process. In light of the reported difficulties in assisted reproductive technologies making use of spermatids for intracytoplasmic sperm injections (ICSI) and the potential genetic risk associated with DNA fragmentation [16] [17] [18] , it was therefore crucial to investigate whether such a transient appearance of DNA strand breaks may be found in the human spermatids.
Using a sensitive fluorescent TUNEL assay on testis sections, we demonstrate that not only a fraction but the whole population of elongating spermatids in mice harbors DNA strand breaks at steps coincident with the chromatin remodeling or stages IX-XI of the seminiferous epithelium cycle. We also demonstrate for the first time that DNA strand breaks are also detected during the spermatidal chromatin remodeling process in human. 
MATERIALS AND METHODS

Animals and Tissue Preparation
Adult male CD-1 mice were obtained from Charles River Breeding Laboratory (St-Constant, PQ, Canada) and killed by CO 2 asphyxiation. Freshly excised testes and epididymides were fixed directly in Carnoy (ethanol, chloroform, acetic acid 6:3:1) at 4ЊC overnight and then embedded in paraffin according to standard procedures. Five m-thick sections were mounted on Superfrost plus glass slides (Fisher Scientific, St-Laurent, QC).
Human Testicular Biopsies
Sections of testicular biopsies from fertile men were kindly provided by Dr. R. Sullivan (Université Laval, Sainte-Foy, PQ, Canada). Testis biopsies were immediately fixed in 4% buffered paraformaldehyde at 4ЊC overnight, and samples were then dehydrated, cleared in xylene, and embedded in paraffin. Five m-thick sections were obtained using a Leica RM 2135 rotative microtome (Leica Microsystems, Wetzlar, Germany). All biopsies were obtained after informal consent from the patient and approval from the Medical Ethics Committee of the Laval University Hospital Center.
Antibodies
The mouse monoclonal HupN1 antiserum raised against purified protamine 1 was a generous gift from Dr. R. Balhorn (Lawrence Livermore National Laboratory, Livermore, CA). Rabbit polyclonal antibody against hyperacetylated histone H4 was purchased from Upstate Biotechnology (Lake Placid, NY).
Immunofluorescence Microscopy on Testis Sections
Paraffin-embedded sections were deparaffinized with xylene, rehydrated through a graded serie of ethanol solutions, washed with water, and equilibrated 5 min in phosphate-buffered saline (PBS). After deparaffinization, sections were blocked in PBS, pH 7.4, containing 1% (w/v) bovine serum albumin and 0.1% Triton X-100 for 30 min at room temperature. The slides were then incubated overnight at 4ЊC in a humidified chamber with the primary antibody. The sections were then washed three times for 5 min in PBS and incubated with Rhodamine-conjugated secondary antibodies (either goat anti-mouse or goat anti-rabbit IgG according to the species in which the primary antibody has been raised; Bio/Can Scientific, Mississauga, ON, Canada). Following three additional washes, sections were then counterstained and mounted with coverslips using Vectashield mounting medium containing 4,Ј6Ј-diaminido-2-phenylindole (DAPI) (Vector Laboratories, Burlingame, CA). Indirect immunofluorescence was examined using a Zeiss Axioscop 2 microscope equipped with 10ϫ and 40ϫ objectives (Carl Zeiss Inc., Oberkochen, Germany) and a Spot cooled color digital camera (Diagnostic Instruments Inc., St. Sterling Heights, MI). For negative controls, sections were processed as described above except that the primary antibody was omitted. Stages of the mouse seminiferous epithelium were determined based on previously established morphological criteria [19] whereas human testis sections were staged based on criteria originally described by Clermont [20] .
Terminal Deoxynucleotidyl Transferase dUTP-Biotin Nick-End Labeling Assay DNA strand breaks on mouse and human testis sections were detected using a modified TUNEL assay based on protocol previously described in Sun et al. [21] . Briefly, tissue sections were deparaffinized and rehydrated as described above. After three washes in PBS, sections were preincubated inside a humidified chamber with TdT buffer (Roche Diagnostics, Laval, PQ, Canada) for 30 min at 37ЊC. The TdT buffer was discarded, replaced by fresh buffer (50 l) containing 25 U terminal transferase and 0.5 nmol Biotin-16-dUTP (Roche Diagnostics) and allowed to incubate for 60 min at 37ЊC. The end-labeling reaction was stopped by washing the sections with PBS. The sections were then incubated with fluorescein-avidin DN (Vector Laboratories) diluted 1:100 in PBS for 60 min at room temperature to reveal biotinylated UTP extension of free 3Ј-OH ends. After incubation, the slides were washed three times in PBS and finally mounted with coverslips using Vectashield mounting medium containing DAPI. Counts of TUNEL-positive spermatids were made on at least five seminiferous tubules cross sections at each stage and normalized to total spermatids counts as determined by DAPI staining. Negative control sections were processed without the TdT enzyme added to the TUNEL mixture. TUNEL assay on mice epididymides and human testis sections were carried out using the same protocol and slides were mounted with Vectashield containing DAPI to counterstain DNA.
Double Labeling
For the double detection of DNA strand breaks and nuclear proteins (AcH4, P1), testis sections were first treated for immunofluorescence and then processed for TUNEL assay as described above. Following incubation with the TUNEL mixture and fluorescein-avidin solution, the slides were washed in PBS (3ϫ 5 min) and mounted with Vectashield containing DAPI.
Sperm Decondensation Control
Mice epididymides were dissected out, minced in a Petri dish in icecold PBS, pH 7.4, using a sterile razor blade. The resulting cell suspension was filtered through an 80-m nylon mesh and centrifuged at 2500 rpm, 5 min at 4ЊC. The pellet was resuspended and centrifuged again. The pellet, containing mainly epididymal sperm, was resuspended in cold PBS containing 2 mM dithiothreitol and 0.5% Triton X-100 and incubated 30 min at room temperature [22] . An equal volume of 4 M NaCl solution was then added to the epidydimal sperm suspension. Fifty l of the suspension were applied onto poly-L-lysine-coated glass slides, incubated 10 min at room temperature, washed 3 times in PBS 5 min, and then submitted to the TUNEL assay as described above. The slides were mounted in Vectashield mounting medium containing DAPI and examined by fluorescence microscopy.
RESULTS
Stage-Specific DNA Strand Breaks in Mouse Spermatids
To assess the presence of germ cell-specific DNA strand breaks during mammalian spermiogenesis, we performed a sensitive TUNEL assay on paraffin-embedded cross sections of adult mouse testis. As shown in Figure 1 , A and B, endogenous DNA strand breaks were found to be restricted to elongating spermatids and early spermatocytes seen as a row of TUNEL-positive cells at the basal compartment of the seminiferous tubules. Examination of a large number of tubules confirmed that labeling of the early spermatocytes occurs from stage VII through XII of the seminiferous epithelial cycle (see Fig. 2 ) whereas spermatid labeling is restricted to very few stages. DNA strand breaks in 100% of the nonproliferative elongating spermatids were detected at step 9 (stage IX), where homogeneous nuclear staining was observed (Fig. 1 , C and D) and continued throughout subsequent stages X and XI ( Fig. 1 , E-H). However, during progression from stage IX to stage XI, the number of TUNEL-positive spermatid nuclei declined significantly as chromatin remodeling and condensation proceeded (Fig. 1K) . Within seminiferous tubules at stage XI, TUNEL-positive spermatids were still clearly visible along with spermatids showing no TUNEL staining. At stage XII, the homogenous nuclear TUNEL positivity was lost and restricted to a narrow region of the spermatid nucleus (Fig.  1 , G and H) whereas at subsequent stages of the cycle (I-VIII), TUNEL positivity was no longer observed in condensing spermatids (Fig. 1, I and J). No TUNEL positivity was observed in the round spermatids also present at these later stages. Moreover, TUNEL assay performed on epididymides cross sections did not reveal DNA strand breaks in epididymal sperm (data not shown). Thus, DNA strand breaks in mouse spermatids is stage-specific and restricted to steps 9-11 (Fig. 1L) . 
DNA Strand Breaks in Early Spermatocytes
As outlined above, TUNEL positivity was also found in early spermatocytes. This observation was not surprising because of the well-known increase in double strand breaks required to initiate meiotic recombination. The different germ cell types for some stages are well defined and can be easily differentiated within a given stage by their nuclear structure [19] . Figure 2 displays selected tubules at distinct stages of the cycle. TUNEL-positive spermatocytes were observed as early as the preleptotene stage (Fig. 2, C and  D) and up to the zygotene to pachytene transition (Fig. 2,  A and B) . Some early pachytene spermatocytes from stage I tubule also displayed positivity (not shown). All seminiferous tubules identified as between stages II to VI and harboring spermatogonia were all found to be TUNEL-negative (Fig. 2, E and F) . Thus, as expected, the TUNEL labeling confirms that DNA strand breakage also takes place in spermatocytes undergoing meiosis (see boxed area in Fig. 1L ).
Assessment of DNA Strand Breaks in Decondensed Mature Spermatozoa
Access to the DNA by the terminal transferase at later stages of spermatid maturation may be prevented by the highly compact nature of chromatin that is found in condensed spermatids. To confirm that the DNA strand breaks are indeed repaired before nuclear condensation, epididymal sperm from mice were submitted to in vitro decondensation by exposure to dithiothreitol followed by high salt extraction as described in Material and Methods. As shown in Figure 3 the epididymal sperm remained TUNEL-negative upon induced decondensation confirming that DNA strand breaks are no longer present at this stage.
Chromatin Remodeling and DNA Strand Breaks
The detection of hyperacetylated histones during mouse spermiogenesis has been associated with active chromatin remodeling in spermatid nuclei. Using a specific antibody against hyperacetylated H4, we seek to establish whether the transient appearance of DNA strand breaks is associated with those steps of active chromatin remodeling. Figure 4 , A and B, display the typical strong TUNEL positivity of stage X-XI tubules. When immunolabeled with the antiAcH4 antibody, these tubules displayed a strong immunoreactivity for the hyperacetylated form of histone H4 (Fig.  4C ) whereas a complete absence of H4 immunoreactivity was observed at stages VII-VIII (not shown). Upon superimposition of the TUNEL and immunolabeling, a perfect nuclear colocalization of TUNEL and AcH4 positivity is observed at stages X-XI (Fig. 4D ). Higher magnification of stage XI tubule allows demonstrating that those spermatids having completed the repair of their DNA strand breaks at this stage (TUNEL-negative) are no longer immunoreactive for AcH4 (Fig. 4, E and F) . At later stages, the TUNEL-negative tubule becomes strongly immunoreactive for protamine 1, suggesting that protamine deposition and further condensation is coincident with the repair of the DNA strand breaks (Fig. 4, G-J) . Hence, these results showing a perfect coincidence between the transient appearance of histone acetylation and the presence of DNA strand breaks strongly suggest that the DNA strand breaks are restricted to chromatin remodeling steps and play an essential role in the process.
TUNEL Labeling of Human Testicular Sections
The reported similarity in spermiogenesis among mammals suggests that the transient appearance of DNA strand FIG. 3 . TUNEL analysis of decondensed mouse epididymal sperm. A) Mouse spermatozoa were decondensed as described under Material and Methods. TUNEL assay was performed after reduction and extraction of protamines, on sperm preparation. No DNA breaks were detected in decondensed sperm nuclei. B) DNA counterstained with DAPI. Scale bar ϭ 50 m.
breaks should also be found in humans. As discussed, this may represent a sensitive process for the integrity of the male gamete and have important implications for the existing assisted reproductive technologies. In humans, the seminiferous epithelium cycle is divided into six stages [20] (Fig. 5E ) and the precise steps where chromatin remodeling occurs in the spermatids are not yet known. To these aims, the coincidence of DNA strand breaks and chromatin remodeling has been investigated on human testis cross sections. Seminiferous tubule sections in human often display more than one stage of the epithelium, depending on the sector being examined. Figure 5A displays a typical result obtained following TUNEL and DAPI counterstaining. In the tubule shown, TUNEL positivity is restricted to the round-shaped spermatids of stage III epithelium (boxed area on the right half of the tubule) whereas the boxed area on the left half of the tubule displays epithelium at stages V-VI, where the nuclei of elongated spermatids are TU-NEL negative. No TUNEL positivity was observed at other stages (not shown). Interestingly, as for the mouse, TU-NEL-positive spermatids were also found to be immunoreactive for AcH4 (Fig. 5, B-D) . Thus, chromatin remodeling in human appears to be restricted to TUNEL-positive step 3 spermatids. The transient appearance of DNA strand breaks is therefore widespread among mammals and appears to represent a fundamental component of the chromatin remodeling process taking place in the spermatids.
DISCUSSION
Using a sensitive TUNEL assay, we described the stagedependent pattern of endogenous DNA strand breaks at midspermiogenesis steps and demonstrated for the first time that it is coincident with chromatin remodeling. In the mouse, DNA strand breakage is initiated early in stage IX (step 9 spermatids), coincident with the onset of nuclear reshaping. In both stages IX and X, the fluorescence is maximal and present in close to 100% of the spermatid population. The TUNEL staining covers the entire nucleus surface, indicating that this component of chromatin remodeling is distributed throughout the whole haploid genome. At stage XI, the seminiferous epithelium consistently displays a reduced number of TUNEL-positive spermatids, while only residual TUNEL positivity is detected at stage XII. We further confirmed that no DNA strand breakage is detected in decondensed epididymal sperm. The absence of TUNEL positivity at later stages of the epithelium cycle is therefore not the result of protection by protamine deposition and increased condensation. The global DNA strand breakage therefore precedes the nuclear condensation process in final stages of spermiogenesis. This therefore supports the concept that proper DNA condensation provided by the protamines contributes to the adequate repair of the DNA strand breaks and to preservation of genetic integrity, as suggested in recent reports [3, 23] .
The functional significance of DNA strand breaks in elongating spermatids has been discussed recently [8] . One hypothesis involves the requirement for DNA strand breaks to allow the change in DNA topology [2] . The nucleosome withdrawal presumably leaves several unconstrained negative DNA supercoiled in a topological domain and the introduction of nicks in DNA would provide the swivel effect for the complete elimination of the superhelical tension. Topoisomerases could provide the controlled increase in linking number leading to DNA relaxation because they have the dual capacity to both create and seal DNA nicks. Previous reports have presented evidence that topoisomerase II may play a role in this process [10, 24] . However, Cobb et al. demonstrated that TOP2A, the topoisomerase II isoform mainly expressed in the testis, was not present in the mouse elongating spermatids [25] . In addition, topoisomerase II expression has been found to decrease dramatically in the postmeiotic round spermatids [26] . Clearly, the involvement of topoisomerase activities in the transient strand breakage and ligation deserves further investigation.
Due to the sensitivity of the TUNEL assay used in this study, the demonstration was made that not only a fraction but the whole population of elongating spermatids undergoes strand breakage and repair, which is in contrast with previous reports using less sensitive techniques [11, 12, 27] . Although it is well recognized that testicular germ cell apoptosis normally occurs throughout the seminiferous epithelium cycle [28] [29] [30] , it is, however, clear that the global character of the process by itself rules out that apoptosis represents a possible cause of the global DNA strand breakage that is observed. Not surprisingly, other features of apoptosis, including TUNEL positivity in the entire cells, blebbing of the membrane, or major chromatin abnormalities, were not found in elongating spermatids.
Interestingly, a layer of cells at the basal compartment appears also TUNEL positive in a significant proportion of the tubules. These TUNEL-positive cells found between stages VII and XII were identified as early spermatocytes undergoing meiotic recombination. This observation is not surprising, as previous results from alkaline elution experiments demonstrated that early spermatocytes had elevated levels of endogenous breaks [31] . This is also in agreement with recent findings of Wayne et al. [12] . Their use of a less sensitive TUNEL technique allowed them to demonstrate that a fraction of preleptotene spermatocytes (stages VII-VIII) was preferentially labeled. The fluorescent tech- nique that we have used indicates, however, that a much larger fraction of spermatocytes displays DNA strand breaks. Labeling of spermatocytes extends from stage VII to stage XII, i.e., up to the transition from the zygotene to the pachytene stages so that some stage I tubules may also be labeled. Thus, the TUNEL-positive meiotic cells include preleptotene, leptotene, zygotene, and some early pachytene spermatocytes. The TUNEL positivity of these cells is consistent with the chromatin reorganization that occurs in spermatocytes as well as the presence of DNA double- strand breaks that precede synapsis and extend to the pachytene stage [32] . As the sensitive TUNEL assays used in these experiments do not differentiate between meiotic and apoptotic DNA strand breakage, it is likely that a small subset of the TUNEL-positive spermatocytes are truly apoptotic.
The process of chromatin remodeling in several species is facilitated by histone H4 acetylation [33] . For instance, it has been demonstrated that hyperacetylated nucleosomal core particles are efficiently disassembled by protamines in vitro [34] and that hyperacetylated H4 is clustered within the highly relaxed structure of the spermatid chromatin [35] . Histone H4 becomes highly acetylated during steps 9-12 in the rat [36] and has been recently shown to be acetylated between steps 9 and 11 in the mouse along with the other core histones [37] . Thus, histone acetylation appears to be tightly regulated [37, 38] . Hyperacetylation of histone H4 therefore represents a precise marker of the structural transition where the histone-to-protamine exchange occurs. In the present article, we have shown a per-fect nuclear colocalization between the acetylated H4 and TUNEL positivity, indicating that DNA strand breaks occur exactly during the initial steps of chromatin remodeling. This result is therefore in agreement with the hypothesis that a widespread increase in endogenous DNA nicks is required to eliminate the free DNA supercoils during histone exchange, allowing the binding of transition proteins and protamines to the nonsupercoiled DNA typically found in mature spermatids. In addition, a transient decondensed state provided by the global histone hyperacetylation is likely to offer an opportunity for DNA repair complexes (or topoisomerases) to gain access to DNA, which would not be possible at later steps considering the highly compact nature of the lamellar chromatin obtained following protamination.
The orderly sequence of nuclear protein binding to DNA may facilitate the repair of these transient DNA nicks. When expressed in mammalian cells, the transition proteins 1 (TP1) can stimulate the repair of a reporter plasmid harboring single-strand breaks [39] and both the transition proteins [40] and protamines [41] have been shown to enhance the ligation of short DNA fragments in vitro. In agreement with such a role for these basic proteins in vivo, mice with haploinsufficiency for the protamine 2, were recently shown to have a much higher frequency of sperm with damaged DNA as determined by the Comet assay [23] . In addition, mice harboring a double deletion of both the Tnp1 and Tnp2 genes displayed a clear persistence in DNA strand breaks in those spermatids where the condensation process has been clearly altered by the deletions (M. Zhao, personal communication). It is therefore not surprising that, in many instances, an alteration in the condensation state of the sperm head has been correlated with the presence of DNA strand breaks [42] [43] [44] [45] . Aside from an alteration in the condensation process, DNA breaks found in mature sperm may result from failure in the postmeiotic DNA repair or from an increase in reactive oxygen species [46] . An alteration in DNA condensation may also offer an opportunity for endonucleases to attack the DNA phosphate backbone due to the lack of proper protection by the nuclear basic proteins [47] .
In the present study, we also demonstrated that human early spermatids displayed strong TUNEL positivity. As for the mouse, the colocalization of AcH4 and TUNEL positivity indicated that the increase in endogenous DNA nicks occurs at those steps of nuclear protein exchange and chromatin remodeling in human. The transient increase in DNA strand breaks during chromatin remodeling therefore appears to be widespread among mammals. Hence, the spermiogenesis steps where the endogenous breaks are being created and repaired may represent a sensitive process for the control of DNA integrity, and impediment in the process may have important genetic consequences. In addition, these findings may raise concerns on current ICSI procedures making use of testicular cells. In nonobstructive azoospermia, ICSI appears as the only available treatment; however, the injection of round spermatid (ROSI) has been recently reported to be far less efficient than that of elongated spermatids or mature spermatozoa [17, 18, [48] [49] [50] . According to our results, the chromatin remodeling in humans takes place in early round-shaped spermatids of stage III epithelium. Hence, if round spermatids are being used for ICSI procedures, there is a strong possibility that those spermatids harboring the transient DNA strand breaks be selected [51] . We suggest that the presence of a high number of DNA strand breaks in early spermatids is likely to be responsible for the development failure observed so far after ROSI and represents a potential risk should any embryo be allowed to develop after fertilization with these cells. In support of this hypothesis, sperm DNA strand breaks induced by gamma radiation were found to severely decrease the rate of embryonic development in the mouse after ICSI [52] . Accordingly, we are currently investigating whether the endogenous level of DNA strand breaks in mouse spermatids (steps 9-10) is beyond the repair capacity of the oocyte. In the mouse, ICSI has been successfully achieved using round spermatids [53, 54] . In accordance with the results presented in this article, one likely explanation would be that, in the mouse, DNA strand breakage is restricted to the elongating spermatids but not found in the round spermatids, where chromatin remodeling has not yet proceeded.
In summary, the results presented in this article demonstrate that, in mammals, the chromatin remodeling involves a transient but global appearance of DNA strand breaks. Although the nature of DNA strand breaks and the molecular mechanism involved deserves further investigations, it is clear that this may represent a sensitive step in the control of the genetic integrity of the male gamete. Hence, this may provide important clues for the etiology of sperm DNA fragmentation in subfertile males, e.g., should any persistence in this transient process occurs. In addition, these results may raise a better awareness regarding the genetic risk of ROSI in humans.
